Abstract A multichannel methanoic acid (HCOOH, λ = 432.5 µm) laser interferometer/polarimeter is being developed from the previous eight-channel hydrogen cyanide (HCN, λ=337 µm) laser interferometer in the HL-2A tokamak. A conventional Michelson-type interometer is used for the electron density measurement, and a Dodel-Kunz-type polarimeter is used for the Faraday rotation effect measurement, respectively. Each HCOOH laser can produce a linearly polarized radiation at a power lever of ∼30 mW, and a power stability <10% in 50 min. A beam waist (diameter d0 ≈12.0 mm, about 200 mm away from the outlet) is finally determined through a chopping modulation technique. The latest optical layout of the interferometer/polarimeter has been finished, and the hardware data processing system based on the fast Fourier transform phasecomparator technique is being explored. In order to demonstrate the feasibility of the diagnostic scheme, two associated bench simulation experiments were carried out in the laboratory, in which the plasma was simulated by a piece of polytetrafluoroethene plate, and the Faraday rotation effect was simulated by a rotating half-wave plate. Simulation results agreed well with the initial experimental conditions. At present, the HCOOH laser interferometer/polarimeter system is being assembled on HL-2A, and is planned to be applied in the 2014-2015 experimental campaign.
Introduction
Far-infrared (FIR) laser heterodyne interferometers are routinely used to measure the electron density (n e ) in magnetically confined fusion plasmas by measuring the phase difference between the probing and the reference beams [1−3] . To be aware of the detailed information on the poloidal magnetic field (B p (r)) and the current density profile (j(r)), which are very important for the physical study of the plasma equilibrium, instability and confinement [4, 5] , FIR laser polarimeter based on the Faraday rotation effect has been developed on many devices, and forms two kinds of polarimetry approaches. The first one is the amplitude-based method, in which the Faraday rotation angle (α) can be deduced from the amplitude ratio of two orthogonal components of the same probing signal. This method was implemented in RFX [6] , JET [7] and Tore Supra [8] , and suffered from the influence of spurious oscillations on the signals [9] . The other polarimetry method is the phase-based technique, in which the Faraday rotation angle is derived from the phase difference between the probing and the reference beams, based on the fact that left-hand (L-wave) and right-hand (R-wave) circularly polarized waves have different refractivity in the plasma. Here, the Dodel-Kunz-type polarimeter is the most famous because of its high phase resolution, and was applied on RTP [10] , MST [11] , NSTX [12] , Alcator C-Mod [13] , J-TEXT [14] , EAST [15] and the future ITER [16] .
The eight-channel, Veron-type, hydrogen cyanide (HCN, λ=337 µm) laser interferometer has been used on the HL-2A tokamak since the 2006 experimental campaign [17, 18] . Then, the interferometry chord (r=24.5 cm) was modified to serve as a polarimetry measurement tool based on the Dodel-Kunz technique in the 2010 campaign, and the Faraday rotation angle of ∼1.0 o with a time resolution of 0.1 ms was achieved in the end [19] . Taking advantage of the HCN laser as the probing wave, the line-integrated Faraday rotation angle on HL-2A was generally <5.0 o in the discharges operating with a plasma current of 100-450 kA and an average density of 1.0×10
19 -5.0×10 19 m −3 . Aiming to obtain a high time resolution (≥1.0 µs) and considering the Faraday rotation angle being proportional to λ 2 , we employ the methanoic acid (HCOOH, λ=432.5 µm) laser in the new interferometer/polarimeter system [20] .
This paper is organized as follows: the HL-2A multi- * supported by the National Magnetic Confinement Fusion Science Programs of China (Nos. 2010GB101002 and 2014GB109001), and National Natural Science Foundation of China (Nos. 11075048 and 11275059) channel HCOOH laser interferometer/polarimeter is described in section 2, including the HCOOH laser characteristics, optical layout and the data processing system. Then, two bench simulation experiments are presented in section 3. Finally, a summary is given in section 4.
2 HCOOH laser interferometer/ polarimeter system on HL-2A
HCOOH laser characteristics
In order to achieve high temporal resolution (up to 1.0 µs) and a large Faraday rotation angle on HL-2A, two HCOOH lasers (SIFIR-50-type, USA Coherent Co. Ltd) were employed in the new interferometer/polarimeter system. HCOOH molecular gas at a low pressure of ∼200 mTorr is optically pumped by a continuous wave CO 2 laser (output power ∼50 W), and produces linearly polarized radiation at a power lever of ∼30 mW with a power stability of <10% in 50 min. Meanwhile, a thermally stabilized Fabry-Perot cavity generates a stable frequency reference to lock the operating frequency of the CO 2 pump laser.
Mastering the characteristics of the HCOOH laser, in particular the beam waist (diameter: d 0 , distance from the laser port: Z 0 ), is crucial for the optical design of the interferometer/polarimeter. In order to test the beam waist, a chopping modulation technique was utilized in the laboratory. Firstly, an optical chopper, placed at a certain distance from the laser port, was used to generate a low-frequency chopping signal. Then, the chopping signal was detected by a deuterated L-lanine-doped triglycine sulfate (DLATGS) detector, which was assembled to be movable in the horizontal direction at a known speed. Simultaneously, we recorded the full-time chopping signal by a fast digitized oscilloscope. The beam diameter, corresponding to a 1/e intensity decrease, was consequently determined. Using the same procedures, the beam diameters at different distances (Z) from the laser port can be obtained. Here, because of the hole-coupling output of the HCOOH laser, the beam near the laser port (Z < Z 0 ) does not form a fine Gaussian beam distribution, and leads to larger deviation between the measurements and the calculation values in Fig. 1(b) and (c).
Latest optical layout of the interferometer/polarimeter
As mentioned above, the HL-2A multi-channel HCOOH laser interferometer/polarimeter is directly developed from the previous eight-channel HCN laser interferometer. Considering the space limit of the interferometer and the symmetrical structure of the probing chords relative to the equatorial plane of the plasma, the HCOOH laser interferometer/polarimeter consists of a four-channel interferometer below the equatorial plane and a four-channel polarimeter above the equatorial plane, realizing separate measurement of the electron density and the Faraday rotation angle. Here, a conventional heterodyne technique is employed in the interferometry measurement, and a Dodel-Kunz-type polarimeter is used for the Faraday rotation detection. o by a half-wave plate, is combined with the second laser ω2 with a slight frequency offset at the wire grid Mm1. The two colinear, orthogonally polarized waves enter the interferometry/polarimetry body through two glass waveguide tubes (0# and 1#), and then they are divided into the probing and the reference branches by a mesh beam splitter (SP1wm). For the reference branch, it is split into two parts again by a quartz crystal beam splitter SP6. One part is directly detected by the Schottky diode mixer Dr (sensitivity >400 mV/mW, noise equivalent power N EP ≤ 3 × 10 −12 W/ √ Hz), and forms the reference beat signal (R). The other part is sent to the polarizer X, which allows the component of ω1 to be transmitted. Then, the polarization of ω1 is rotated 90 o by a half-wave plate, preparing for beating with the component of ω2 for the interferometry measurement. For the probing branch, before entering the plasma, it is equally divided into eight components by a set of quartz crystal beam splitters SP3-2:8. The upper four chords pass through four pieces of quarter-wave plates, generating L-and R-waves used for the Faraday rotation measurement. The lower four chords transmit four pieces of wire grid polarizer S4wm, which select the polarization of ω2 to be transmitted. Emerging from the plasma, the beams of ω2, carrying the electron density information, are combined with the beams of ω1 at the quartz crystal beam splitters BS4-1:4. Finally, the beams are detected by the mixers Dp to generate the interferometry probing signal. Meanwhile, the colinear L-and R-waves, carrying the Faraday rotation angle information, pass through the mesh beam splitter BSw4-5:8 and are detected by the mixers Dh to produce the polarimetry probing signal. In addition, a stepper-motor-driven half-wave plate is utilized for calibration in Faraday rotation measurements. Finally, the phase difference related to the electron density or Faraday rotation angle is able to be derived by the data processing technique. 6.25 MHz). Here, a digital phase comparator based on the fast Fourier transform (FFT) technique [21] is firstly applied in the hardware data processing system. Fig. 3 shows the work-flow diagram of the hardware data processing system. Firstly, the raw signals (P and R) are synchronously filtered and fast digitized (analogto-digital conversion). Then, a field programmable gate array (FPGA) module is used to complete the phase difference calculation between signals P and R. In the FPGA module, the FFT sub-module completed the analysis of the raw signal spectrum and determined the IF peak. A narrow-band digital filter is then employed to eliminate the noise component. By taking the inverse FFT (IFFT) sub-module, a complex time-domain signal can be generated. The phase difference is consequently determined by the arctangent calculation. Finally, the phase signal is fast collected at a sampling frequency of 6.25 MHz. Meanwhile, the phase signal is also sent to a digital-to-analog convertor and the output voltage signal is proportional to the electron density or the Faraday rotation angle.
Data processing system

Bench simulation experiments
on the interferometry and polarimetry measurements
The FIR laser interferometer/polarimeter is a challengeable diagnostic in fusion plasma devices due to its complicated optical arrangement and minor angle detection of the Faraday rotation angle. For this reason, it is necessary for us to carry out some relative bench simulation experiments prior to its practical operation on HL-2A. Fig. 4(a) shows a schematic diagram of the heterodyne interferometry experiment, in which the plasma is simulated by a piece of polytetrafluoroethene plate. Firstly, a linearly polarized HCOOH laser ω1 is split into two equal branches of A1 and A2 by the mesh beam splitter Mesh1#. In the same way, the second HCOOH laser ω2 with a slight frequency offset is split into B1 and B2. Beams A2 and B2 are combined at Mesh3#, and are then detected by the Mixer-R, providing the reference beat signal (R). In addition, the beam of A1 propagates through the polytetrafluoroethene plate, and then meets with B1 at Mesh4#. The combined beam of A1 and B1 is detected by the Mixer-P, generating the probing beat signal (P). Just like in the plasma, the beam ω1 has a different refractive index in the polytetrafluoroethene plate compared with the air. So, a certain amount of phase shifts will be generated in signal P. Finally, the phase difference between signals P and R can be obtained through the FFT phase comparator. Fig. 4(b) clearly reflects the variation process of the phase difference between signals P and R when the polytetrafluoroethene plate changes from 'get in' to 'get out'. Fig. 5(a) shows a schematic diagram of the FIR laser polarimetry simulation experiment, in which the Faraday rotation effect is simulated by a rotating half-wave plate. Based on the Dodel-Kunz technique, the polarization direction of laser ω2 is rotated by 90 o by a half-wave plate, and is combined with laser ω1 at wire grid 1#. The two co-linear, orthogonally polarized waves transmit a piece of quarter-wave plate to generate L-and R-waves. Then, a mesh splitter is used here to split them into two components. One of them is directly sent to Mixer-R, and the other one passes through a stepper-motor-driven rotating half-wave plate to produce polarization changes, simulating the Faraday rotation effect. Finally, the phase difference between signals P and R is determined using the same data processing as the interferometry measurement. Fig. 5(b) presents the results of the polarimetry experiment. The top figure shows the frequency spectrum of the raw signal; here, a bandwidth of 50 kHz is adopted in the phase comparator. The middle figure shows the phase difference (∼0 o ) between P and R under a static state, and a root-mean-square-error (RMSE) ∼0.1 o has been achieved. The bottom figure presents the phase variation process accompanying the rotation of the half-wave plate. The result indicates that the measurement agrees well with the appointed rotated angle of the half-wave plate (5 o ). 
Summary and conclusion
A horizontally viewing, multi-channel HCOOH laser interferometer/polarimeter system is being developed on the HL-2A tokamak to measure the electron density and Faraday rotation angle. The whole system is composed of a four-channel interferometer below the equatorial plane and a four-channel polarimeter above the equatorial plane. A conventional heterodyne technique is adopted in the interferometry measurement, and a Dodel-Kunz-type polarimeter is used for the Faraday rotation detection.
So far, the Gaussian beam characteristics of the HCOOH laser source have been tested in the laboratory, providing a beam waist of (d 0 ≈12 mm, Z 0 ≈200 mm), an output power lever of ∼30 mW and a power stability <10% in 50 min. Meanwhile, the detailed optical arrangement based on the Gaussian beam transmission theory is optimized, and the hardware data processing system is being explored. Aiming at demonstrating the feasibility of the diagnostic scheme proposed on HL-2A, two associated bench simulation experiments were carried out in advance, in which the plasma was simulated by a polytetrafluoroethene plate, and the Faraday rotation effect was simulated by a rotating half-wave plate. Both simulation results reasonably reflected the phase variation process during the entrance of the polytetrafluoroethene plate into the beam path and the rotation of the half-wave plate. At present, the new HCOOH laser interferometer/polarimeter is being assembled on HL-2A, and is planned to be used in the 2014-2015 experimental campaign.
